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Virus Inactivation - Evaluation of Treatment Processes for Food 
and Biowaste 
Abstract 
Animal by-products and manure contain valuable plant nutrients that could be recycled 
onto arable land, as fertiliser. If these materials contain pathogenic microorganisms, 
such as viruses, transmission to domestic animals, wildlife and the food chain could 
occur. Virus contamination of food may further occur during all production phases, 
from slaughter to packaging and distribution. To reduce virus hazards, control measures 
such as physical and chemical treatments could be applied. As many important food-
borne viruses are non-culturable, model viruses are often used to evaluate the effect of 
virus inactivation methods.  
As models for swine hepatitis E virus (HEV) in food treatments, feline calicivirus, 
murine norovirus and bacteriophages were evaluated.  MS2 and ø6 were used as 
models for highly pathogenic avian influenza virus (HPAIV) in ammonia inactivation 
and composting of animal by-products, respectively. 
In laboratory scale, controlling the factors considered to be the most important for 
virus inactivation, reduction of relevant and model viruses was assessed as a function 
of these factors. Recommendations regarding continuously measurable process 
conditions that should be kept over a certain time to reach sufficient viral reductions 
could be given, both for normal conditions and in an out-break situation. 
Bacteriophages could further be used as potential indicators for verification or 
validation in pilot or full scale processes.  
Regimes to assure a 3 log10 reduction for Category 3 materials (2011/142/EC) for 
ammonia and heat treatment were determined. Further protocols based on pH and 
temperature to be kept during a certain time for management of HPAIV in outbreak 
situations were provided based on statistical evaluations of the laboratory results. In 
high pressure treatment of pork products, pressure and time were defined as critical 
control points for feline calicivirus and murine norovirus, used as models for HEV.  
MS2 and ø6 were successfully used for verification of ammonia treatment and 
composting, respectively, in larger scale. In food treatments, MS2 was the most 
conservative indicator of noro and calicivirus inactivation in high pressure and intense 
light pulse treatments, and øX174 in lactic acid treatments, with potential as models for 
these types of viruses for verification in production scale. 
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Abbreviations 
  
X174 Enterobacteria phage X174 
+ssRNA Positively single stranded RNA 
28B Salmonella Typhimurium phage 28B 
ABP Animal by-products 
AHEV Avian hepatitis E virus 
ATCC American Type Culture Collection 
BPIV-3 Bovine parainfluenza virus 3 
CCM Cell culture medium 
CCP Critical control point   
CI Confidence interval 
FCoV Feline coronavirus 
FCV Feline calicivirus 
HACCP Hazard Analysis Critical Control Point 
HPAIV Highly pathogenic avian influenza virus 
HW Hatchery waste 
IBV Infectious bronchitis virus 
LPAIV Low pathogenic avian influenza virus 
MNV 1 Murine norovirus 1 
MS2 Enterobacteria phage MS2 
NDV Newcastle disease virus 
NH3 Ammonia 
PFU Plaque-forming units 
PPV Porcine parvovirus 
SVDV Swine vesicular disease virus 
TCID50 Tissue Culture Infectious Dose50 
UV Ultraviolet 
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Definitions 
Biowaste Biological waste 
Compost 
mixture 1 
Fresh poultry manure containing 3% straw (wt/wt), used in 
Paper III 
Compost 
mixture 2 
As compost mixture 1 but with addition of 25% (wt/wt) 
unhatched eggs, used in Paper III 
Dose-response 
assessment 
The assessment of the relationship between the degree of 
exposure (dose) to a virus and the severity and/or frequency 
of associated disease (response). 
D-value Time required to reduce the number of organisms by 1 log10 
(90%) 
Exposure 
assessment 
The qualitative and/or quantitative assessment of the 
expected intake of virus via biowaste or food, including 
survival in the environment 
Hatchery waste 
(HW) 
Biowaste from a hatchery, used in Paper II, consisting of 
eggshells and tissue from developing embryos, with a dry 
matter content of approximately 60% 
Hazard A virus in or associated to biowaste or food which can 
cause disease in animals or humans. 
Hazard 
characterisation 
The qualitative and/or quantitative assessment of the 
attributes of the disease in animals or humans associated 
with a virus in or associated to biowaste or food 
Hazard 
identification 
The identification of a virus in or associated to biowaste or 
food which can cause disease in animals or humans. 
Matrix Any environmental condition in conjunction with the virus, 
such as food and biowaste 
Model virus A virus acting as a model for a pathogenic virus, could also 
be a bacteriophage 
Non-specific 
model virus 
A virus used to verify the robustness of a virus inactivation 
process, e.g. to assure the inactivation of adventitious and 
emerging viruses, could also be a bacteriophage 
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Process 
indicator 
A virus or model used to validate the effect of a treatment 
process    
Relevant model 
virus 
The actual pathogenic virus or a virus from the same 
subgroup 
Relevant virus The actual pathogenic virus or a virus of the same subgroup 
as the pathogenic virus 
Risk 
assessment 
A scientifically based system comprising of: (i) hazard 
identification, (ii) hazard characterization, (iii) exposure 
assessment, and (iv) risk characterization. 
Specific model 
virus 
A virus from the same family or genus as the pathogenic 
virus 
Substrate Liquid biowaste from a biogas plant used in Paper I, 
consisting of Category 3 ABP materials, e.g. manure, blood, 
fat, together with waste from food industries and biological 
waste from households, separated at source 
Zoonosis Disease transmissible between animals and man 
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1 Introduction 
Virus contamination in the food chain may originate from agricultural and 
urban biological wastes (biowaste). As these materials contain valuable plant 
nutrients, it is desirable to recycle them by application onto arable land, e.g. as 
fertiliser. However, if biowaste containing pathogenic microorganisms, such as 
viruses, is applied to farm land, transmission to domestic animals, wildlife and 
the food chain could occur. Therefore, any pathogen contamination must first 
be minimised before it reaches environmental reservoirs and water sources 
(Albihn & Vinneras, 2007). New virus types are constantly emerging, many of 
them stable enteric viruses (Sun et al., 2015; Belak et al., 2013). New variants 
of zoonotic viruses, transmissible between animals and man, such as influenza, 
corona and hepatitis E viruses (HEV) are emerging (Berry et al., 2015; Munoz 
et al., 2015; Shukla et al., 2011). Moreover, viruses can display strain 
variability in resistance to inactivation procedures (Li et al., 2013; Terregino et 
al., 2009; Emerson et al., 2005). Treatment methods must be effective against a 
range of viruses with different physico-chemical properties, as well as 
resonable according to economic and practical aspects.   
Biowaste includes animal by-products (ABP), defined as “entire bodies or 
parts of animals, products of animal origin or other products obtained from 
animals, which are not intended for human consumption” in the European 
Community regulation (EC, 2009). This regulation is central to achieving food 
safety and animal health, as it sets rules to minimise the risk of pathogenic 
contaminants and improve the traceability of ABP. Category 1 and 2 comprise 
risk materials that have to be incinerated or sterilised at 133 °C for 20 min at 3 
bar or equivalent heat treatment. The lowest risk Category 3 material must be 
heated to 70 °C for 60 min or equivalent treatment according to EU No. 
142/2011 (EC, 2011). Manure belongs to Category 2, but can be used together 
with Category 3 materials in biogas or composting plants, provided they reach 
a sufficient pathogen reduction (EC, 2011). Treatment options include 
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anaerobic digestion, thermal and biological treatments, and disinfection using 
chemicals such as ammonia (Vinneras, 2007). However, in the food industry, 
methods for the inactivation of virus must be efficient but at the same time 
exert minimal adverse effects on the texture and taste of the food. Physical 
virus inactivation methods such as high pressure and UV treatment using 
intense light pulses have showed potential in this respect (Kingsley, 2013; 
Gomez-Lopez et al., 2005). Organic acids such as lactic acid act by lowering 
the pH and are used in food treatments (Rajkovic et al., 2010).    
Validation of inactivation methods to reduce food safety hazards is a crucial 
part of the Hazard Analysis Critical Control Point (HACCP) system (CAC, 
2003). This system is science based and identifies hazards regarding food 
safety and any controlled measures (CCP) for their inhibition, elimination or 
reduction to an acceptable level. Originally aimed for safe food production in 
the food industry, HACCP has also been used for assessing management 
strategies for wastewater (Ottoson, 2005) and has potential for biowaste 
management (EU, 2009). HACCP is recommended as a preventive strategy, as 
food-borne virus transmission is difficult to prove (FAO/WHO, 2008). This 
can be due to low virus levels in food, negative impacts of the food matrix, 
lack of knowledge of virus persistence in foods and poor results of molecular 
methods in relation to infectiousness and influence on human health 
(FAO/WHO, 2008).  
Moreover, many of the most important food-borne viruses are non-
culturable or difficult to culture, such as human norovirus and HEV, an 
identified zoonotic virus hazard in pork products (Hagiwara, 2007). Good 
Agricultural Practice (GAP), Good Manufacturing Practice (GMP) and 
HACCP are recommended for virus control in the food chain (Vasickova et al., 
2005). In order to confirm a sufficient virucidal effect of potential CCPs 
concerning these virus hazards, choosing appropriate process indicators such as 
model viruses is crucial. In the case of HEV, which is largely uncharacterised, 
a spectrum of viruses with a range of physico-chemical properties could be 
appropriate (Sinclair et al., 2011).  
The HACCP system is based on seven principles (CAC, 2003): 
1. Identification, incidence and severity of hazards, including any 
microbiological criteria and assessment of control steps. 
2.   Assessment of the CCPs at the step or steps at which control is crucial to 
inhibit or eliminate a hazard or reduce it to acceptable levels. 
3.  Formulation of critical limits at CCPs which separate acceptability from 
unacceptability. 
4.  Formulation and implementation of effective monitoring procedures at 
CCPs. 
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Principles 5-7 deal with corrective actions when a CCP is not under control, 
verification procedures and proper documentation of all activities in the 
HACCP system. 
This thesis deals with the use of selected model viruses as process 
indicators of virus inactivation, as inactivation methods act by different 
mechanisms. Parts of hazard analysis, identification of CCPs, and validation of 
critical limits are assessed in two different scenarios. The first of these deals 
with biowaste and validation of thermal and chemical treatment using 
ammonia, to achieve biosafety during normal conditions and in an epizootic 
outbreak situation. The second deals with contaminated food and validation of 
high pressure, intense light pulse and lactic acid treatments to ensure food 
safety.  
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2 Aims of the thesis  
The overall aim of this thesis was to minimise the risk of transmission of 
pathogenic viruses to man and food-producing animals, by evaluating the 
possibility of using model viruses as indicators of virus inactivation in 
handling of animal by-products and contaminated food.  
 
Specific objectives were: 
 
 To validate thermal and ammonia treatments on Category 3 animal by-
products intended for biogas or composting plants by using parvovirus and 
enterovirus as non-specific and relevant model viruses for heat, and to 
devise a routine method for viral sanitisation of hatchery waste in 
accordance with current EC regulations.  
 To validate ammonia treatment and composting as disinfection methods for 
poultry animal by-products in the event of an epizootic outbreak by using 
highly pathogenic avian influenza as a relevant virus and low pathogenic 
influenza, calicivirus, paramyxovirus and coronavirus as specific animal 
model viruses.  
 To validate high pressure, intense light pulse and lactic acid as internal and 
surface treatments of pig food products, using norovirus and calicivirus as 
specific model viruses for hepatitis E virus.  
 To investigate the possibility of using bacteriophages as non-specific model  
viruses, indicators of virus reduction in the virus inactivation processes 
studied.  
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3 Background  
3.1 General virus properties and inactivation mechanisms 
Viruses are obligate parasites, i.e. require a host cell for replication, and infect 
all species from bacteria to vertebrates (Anon, 2005). They are composed of 
single- or double-stranded genetic material (DNA or RNA) enclosed in a 
protein capsid, sometimes with an outer lipoprotein bilayer, e.g. influenza 
virus. Several of stable enteric viruses spread by the faecal-oral route are food-
borne hazards (EFSA, 2011). They commonly possess positive single-stranded 
RNA, creating secondary structures that confer stability and interaction with 
molecules such as proteins (Cao & Meng 2012; Weeks, 2010), as seen for 
HEV (Surjit, Jameel et al., 2004), calicivirus (Herbert, Brierley et al., 1997) 
and picornavirus (Verdaguer, Jimenez-Clavero et al., 2003; Newman & Brown 
1997).   
The icosahedral capsid structure confers stability, although susceptibility to 
virus inactivation could be affected by even single amino acid changes or their 
accessibility in the protein (Sigstam, Gannon et al., 2013; Lima, Vaz et al., 
2006). A characteristic of importance for susceptibility to inactivation is the 
nature of the nucleic acid, as the structure of RNA makes it more prone to 
hydrolytic cleavage than DNA (Soukup & Breaker, 1999; Lindahl, 1993). 
Virus inactivation mechanisms target the function of attachment and entry to 
the host cell (capsid) or replication of the virus (nucleic acid and/or any other 
structural protein active in the replication process). 
 
3.2 Hazard identification  
Biowaste permitted for use in biogas or composting plants includes Category 3 
ABP materials (EC, 2009) including parts of slaughtered animals fit for human 
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consumption, hatchery waste and catering waste other than from means of 
transport operating internationally. These materials should normally be free of 
pathogens, but there is a risk of e.g. pathogenic viruses due to cross-
contamination, subclinically infected animals or other residual infectivity 
(Böhm, 2005). Manure destined for biogas or composting plants could also 
present a risk due to its pathogenic virus content (Martens & Bohm, 2009). If 
these virus hazards are not sufficiently reduced before use as e.g. fertiliser, they 
could enter the food chain as a risk for animals and man.  
Naked single-stranded DNA viruses such as porcine parvovirus (PPV) 
(Botner & Belsham, 2012), porcine circovirus 2 (PCV2) (Emmoth, 2005) and 
chicken infectious anaemia virus (McNulty, 1991) are generally regarded as 
hazards due to their environmental stability. Enteroviruses prevalent in pig 
manure (Derbyshire, Monteith et al., 1986) are also problematic due to their 
gastrointestinal infection route, shedding in faeces and great environmental 
stability (Ley, Higgins et al., 2002). Viable avian hepatitis E virus (AHEV) has 
been demonstrated in chicken eggs (Guo, Zhou et al., 2007). For humans, 
important food-borne viruses are human norovirus, hepatitis A virus, human 
rotavirus, hepatitis E virus and avian influenza virus (Zuber et al., 2013; EFSA, 
2011), the two latter also zoonotic. In general, enteric viruses are transmitted 
by the feacal-oral route (Fong & Lipp, 2005). Table 1 show some 
characteristics of excretion of viruses used or discussed in this thesis. 
 
3.2.1 Zoonotic and potentially zoonotic viruses 
Of special concern in the enteric virus group is the zoonotic HEV of swine 
(EFSA, 2011), genotypes 3 and 4 (Van der Poel, 2014), the latter perceived as 
more pathogenic to humans (Takahashi & Okamoto, 2014). Infection rates of 
30-50% in pigs aged 2-4 months have been reported in Sweden and Denmark 
(Widen et al., 2011; Breum et al., 2010), often with  a subclinical course and 
excreted in faeces and urine. However, HEV primarily replicates in the liver 
(Feagins et al., 2008), but is also detected in other organs such as spleen, 
intestines, stomach and kidney, as well as in blood (Okamoto, 2013). HEV in 
serum has been shown to be associated with lipids and is not neutralised by 
antibodies that can successfully neutralise faecally excreted HEV (Okamoto, 
2013). At slaughter, pigs are about 4-6 months of age and could have an active 
HEV infection. Food-borne outbreaks have been linked to consumption of raw 
or undercooked pig liver and pork (Meng, 2011; Yazaki et al., 2003) and cold-
smoked pig liver sausage (Colson et al., 2010).   
Zoonotic species of avian influenza virus (AIV) are highly pathogenic avian 
influenza (HPAIV) subtypes H5 and H7, with a mortality rate for humans of 
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60% for H5N1 (CDC, 2015a). Low pathogenic AIV of subtypes H7 and H9 
can also undergo zoonotic spread (CDC, 2015b). If zoonotic influenza 
contaminates groundwater, it could pose a risk to humans (WHO, 2006). For 
HPAIV, concerns also exist about gastrointestinal infection through 
contaminated foods (Vong, 2008). However, the most probable transmission at 
close range is through bird secretions to the human respiratory mucosa 
(Brankston, 2007). Potentially zoonotic non-enveloped ssRNA viruses include 
encephalomyocarditis virus (Brewer et al., 2001; Warren, 1965), and the 
caliciviruses porcine noro- and sapovirus (Martella et al., 2008; Poel et al., 
2000). 
 
3.2.2 Epizootic viruses 
Animal viruses of concern for biosafety are epizootic viruses such as HPAIV 
and Newcastle disease virus (NDV) (Albihn, Nyberg et al., 2012). In the event 
of an epizootic outbreak of HPAIV, poultry farms and hatcheries could be at 
risk of virus introduction through e.g. virus-contaminated eggs, egg trays, 
lorries or other tools of virus transmission (Swayne, 2008). Large volumes of 
infected materials such as manure and hatchery waste would then have to be 
discarded. Both HPAIV and LPAIV H5 and H7, which is classified as “low-
pathogenicity notifiable avian influenza” due to its mutation rate in poultry (De 
Benedictis, Beato et al., 2007) are handled as epizootics. Newcastle disease 
virus is spread by direct contact or contaminated materials, but also by wild 
birds and the airborne route is up to 60 m (SVA, 2015).  
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Table 1. Some characteristics and excretion routes of important pathogenic and zoonotic viruses of the types studied, which can be expected to be present in avian or porcine ABP 
and raw food, in approximate order according to stability. Adapted from Strauch (1991) and Sattar (2007) 
Virus Faeces Organ, body fluid Egg Reference 
Porcine parvovirus +++ Uterus, foetus NA (Mengeling, 1989) 
Swine vesicular disease virus ++ up to 5.7 log10 g-1 Blood, lymph node 2.1-6.2 
log10 mL-1 
NA (Sellers, 1982) 
(Mebus, 1997) 
Foot-and-mouth disease virus ++ Skin up to 10 log10 g-1 NA (Ryan, 2008) 
Hepatitis E virus* +++ up to 7.1 log10 g-1    Swine liver 6.5 log10 g-1; 
meat; swine carcass up to 5.9 
log10 100 cm-2   
NA (Hagiwara et al., 2007) 
(Bartolo, 2012) 
(Jones & Johns, 2012) 
(Meng, 2010) 
Avian hepatitis E virus +++ Liver, intestines Yes (Meng et al., 2008; Guo et al., 
2007) 
Infectious bronchitis virus ++ Trachea, lungs, kidney No (Cavanagh & Gelb Jr, 2008) 
Newcastle disease virus +++ 
 
Intestines, trachea Yes 
 
(Alexander & Senne, 2008) 
(Capua, 1993 ) 
(Chen & Wang, 2002) 
Nipah virus* (+) Resp. organs, CNS NA (Field et al., 2007) 
(Middleton, 2002) 
Low pathogenicity avian 
influenza virus*a 
+ up to 4.3 log10 
mL-1 
Resp. secretions up to 5.5 
log10 mL-1  
Yes  (Cappucci et al., 1985) 
(Swayne & Halvorson, 2008) 
(Pillai et al., 2010) 
High pathogenicity avian 
influenza virus*b 
++ up to 4.5 log10 g-1  Leg muscle 6 log10 g-1     
Resp. secretions up to 7.7 
Yes (Spickler et al., 2008) 
(Swayne & Halvorson, 2008) 
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log10 mL-1 (Koch, 2013) 
(De Benedictis et al., 2007; 
Chan, 2002) 
Porcine influenza virus 
H1N1pdm09* 
(+) Resp. secretions NA (Smith et al., 2009) 
NA = not applicable; +++ = primarily excreted in faeces; ++ = clearly excreted in faeces; + = lower incidence; (+) = unlikely to be present in faeces; *zoonotic;  ae.g. subtypes H7 and 
H9; bsubtypes H5 and H7 
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3.3 Model viruses 
For risk assessment purposes, the process indicator is chosen according to the 
identified hazard (Sinclair, 2011). Important properties of a potential model 
virus include functional morphology, hydrophobicity, genetic stability and 
prior treatment. For validation purposes, a model virus should preferably be 
somewhat more resistant than the pathogenic virus in question and easy to 
detect and cultivate to high titres. In validation of treatment methods, the 
identified pathogenic virus can often not be used due to personnel biosafety 
reasons or inadequately equipped laboratories. In commercial production, 
introducing pathogenic viruses would pose a risk for the consumer (Busta et 
al., 2003).  
Virus validation guidelines (EMEA, 1997) exemplify different types of 
model viruses: If a relevant identified virus is present in the material, the actual 
virus or a virus from the same subgroup should be used. If a relevant virus is 
not available, e.g. not cultivable, a specific model virus could be used. This 
virus should be from the same virus family or genus as the identified virus, and 
have thus similar physico-chemical properties. In order to determine the 
robustness of a virus inactivation process, non-specific model viruses having 
differing physico-chemical properties, preferably viruses having high 
resistance to physical or chemical treatments, may be used.  
Bacteriophages are viruses that infect bacteria and have a similar structure 
to animal viruses, i.e. nucleic acid inside a protein coat. They could thus be 
considered non-specific model viruses, as they exhibit a wide range of physico-
chemical properties, with some representatives being enveloped (Adcock, Rice 
et al., 2009). They are suitable virus models because they are harmless to 
humans, can be grown to high titres and are cheap and easy to analyse. 
Naturally occurring, they can be defined as index (indicating a health risk or 
pathogenic virus) or indicator organisms (indicating the effect of a treatment 
process or the quality of a particular product) (Havelaar, Butler et al., 1991). 
Another use is as phage cocktails when several pathogenic virus hazards are 
targeted, choosing bacteriophage groups with the respective similarities 
(Mesquita & Emelko, 2012). 
3.4 Exposure assessment 
The aim of exposure assessment in HACCP is to estimate levels of identified 
hazards at the time of e.g. ingestion. If biowaste including ABP is not 
sufficiently sanitised before being applied as e.g. fertiliser, there is a risk of 
environmental spread. As viruses are not active outside the host and do not 
cause deterioration of matrices, virus contamination can go unnoticed. In 
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general, virus persistence in the environment depends on temperature, 
humidity, pH, microorganism activity, matrix and physico-chemical 
characteristics of the virus (Hurst, Gerba et al., 1980). Thus, some major 
factors for survival and migration are climate, the nature of the soil (clay 
content and moisture-holding capacity) and virus type. In an extensive review 
of enteric virus inactivation by temperature (Bertrand, Schijven et al., 2012), 
norovirus showed D-values of 2-60 days in complex environmental matrices at 
low temperatures of 0-50 °C. 
 
3.4.1 Soil and manure 
Enterovirus survival rates of up to 180 days have been reported for soils 
(Wekerle, 1986; Ellis & McCalla, 1978), and stability between pH 2 and 9-12, 
depending on type (Derbyshire, 1989; Herniman, Medhurst et al., 1973). 
Moreover, bacterial biofilm on surfaces is suggested to protect enteric viruses 
(Vasickova, Pavlik et al., 2010). Parvovirus is stable between pH 3 and 10 
(Boschetti, Wyss et al., 2003; Brown Jr, 1981) and PPV can survive in pig 
slurry for >43 weeks at 20 °C (Botner & Belsham, 2012), and in soil with 
minimal reduction for >50 days in a climate chamber (Johansson, Emmoth et 
al., 2005).  
Hepatitis E virus has been shown to have a local spread (Widen, Sundqvist 
et al., 2011), and has been found in pig manure pits at 103 RNA copies per 60 
ml (Kasorndorkbua, Opriessnig et al., 2005). It is able to persist in manure for 
more than 2 weeks, both at 4 °C and at room temperature (USEPA, 2005). 
Highly pathogenic avian influenza virus and NDV show susceptibility to UVB 
radiation, with D-values of 160 and 69 min, respectively (Sutton et al., 2013), 
which indicates that solar radiation can inhibit environmental spread. However, 
pH stability has been shown for subtype H7N9, which can survive for 24 h at 
pH 4-12 (Zou et al., 2013). In chicken manure, LPAIV was found to survive 
for >20 days at 4 °C (Lu, Castro et al., 2003), while it had a D-value of 4-7 
days at 20 °C in duck faeces (Nazir, Haumacher et al., 2011). Laboratory trials 
have shown persistence of HPAIV H7N1 for more than one year in manure-
amended sandy soil at 5 °C and for 7 weeks at 22 °C (Koch, 2013).  
 
3.4.2 Water 
In different groundwater samples at 12 °C, enterovirus has been found to show 
D-values of approximately 5-29 days (Yates, Gerba et al., 1985). Moreover, 
HEV has been detected in surface waters close to pig holdings (Gentry-Shields, 
Myers et al., 2015) and in fresh food (Maunula, Kaupke et al., 2013), for 
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which irrigation water has been implicated (Brassard, Gagne et al., 2012). 
Indirect transmission of AIV through water is a risk, and D-values for LPAIVs 
in surface waters of up to 49 days have been reported (Keeler, Dalton et al., 
2014). Furthermore, LPAIV has been shown to survive longer in wastewater 
than in lake water (Koch, 2013) and in leachate water for up to 526 days at 4 
°C (Graiver, Topliff et al., 2009).  
 
3.4.3 Food matrices 
As HEV generally has a sub-clinical course in pigs, infected pigs may go to 
normal slaughter and meat can be contaminated in abattoirs by blood and 
faeces and this can be passed on to pork products (Bartolo, Diez-Valcarce et 
al., 2012; Berto, Martelli et al., 2012). Contact-infected pigs showed HEV 
RNA in muscle samples, which was attributed to infectious blood (Bouwknegt, 
Rutjes et al., 2009). The persistence of HEV in pork products is estimated as 
high, as reviewed by Cook and van der Poel (2015), e.g. only a 0.45 log10 
reduction in HEV gt3 after 50 days at 22 °C in liver suspension and an even 
lower reduction at 4 °C. Heating to 71 °C for 20 min is recommended for 
complete inactivation (Barnaud, Rogee et al., 2012).  
Norovirus surrogates survive better on ham than on inert surfaces (Mattison 
et al., 2007). Regarding other food-borne viruses, human norovirus (HuNoV) 
and the surrogate murine norovirus (MNV) have been detected for >70 days at 
7 °C dried on surfaces (Mormann, Heißenberg et al., 2015) and it has been 
seen that they can be internalised in lettuce via roots (DiCaprio, Culbertson et 
al., 2015), depending on virus type. Moreover, LPAIV and HPAIV H7 strains 
have been reported to stay infectious on poultry meat for 200 and >50 days at 4 
and 20 °C, respectively (Beato, Mancin et al., 2012).   
 
3.5 Hazard reducing measures 
A previous evaluation of methods to reduce viral hazards in sludge suggested a 
criterion of 4 log10 reduction based on estimation of enterovirus content 
(Carrington, 2001). However, more recent regulations concerning ABP (EC, 
2009) state that Category 3 material and manure destined for biogas or 
composting plants must be heated to 70 °C for 60 min, or equivalent treatment 
according to EC No. 142/2011 (EC, 2011). The latter regulation states that a 
validated thermal or chemical process can be used for these materials, provided 
it gives a reduction of at least 3 log10 of a thermo-resistant virus, whenever it is 
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deemed a risk. To ensure inactivation of food-borne viruses, heat at 90 °C and 
HPP treatment are reported to be the most effective (Zuber et al., 2013)  
 
3.5.1 Physical treatments 
Thermal treatments 
Thermal treatment to reduce virus load is a common strategy in food industries 
and for biowaste (Bertrand et al., 2012). For the latter, heat can be applied by 
different means, e.g. by aerobic digestion or composting, where heat is 
produced by microorganisms, or by anaerobic digestion, where heat usually 
has to be added to get a virus-inactivating effect (Albihn & Vinneras, 2007). 
Any biosolids present can even retain heat and result in faster virus inactivation 
(Bertrand, Schijven et al., 2012; Turner & Burton, 1997). An exception is 
when the virus is embedded in tissue, as this has been shown to protect viruses 
(Lund et al., 1996; Dimopollous et al., 1959). Table 2 shows some inactivation 
rates of the types of viruses used in this thesis.  
The mechanism for heat inactivation of naked ssDNA viruses of the 
Parvovirinae subfamily has been shown to be destruction of the virus capsid, 
thereby rendering the DNA accessible to degrading enzymes (Blumel, Schmidt 
et al., 2002), suggesting that different capsid structures influence the 
susceptibility to heat. Regarding MNV, in a study by Hirneisen and Kniel 
(2012) heating at 80 °C for 5 min gave complete reduction and also denatured 
the proteins, in contrast to UV radiation and high pressure processing (HPP). 
For bacteriophage MS2, heating at 72 °C affected only the virus protein’s 
ability to bind to host cells, rendering the virus non-infectious (Wigginton, 
Pecson et al., 2012). Specific inhibitors of heat inactivation include anionic 
detergents, collagen and cystin, while volatile fatty acids and NH3 increase 
inactivation (Popat, Yates et al., 2010), and the authors quote that regarding 
enteroviruses, heat acts on both the nucleic acid and the capsid protein, with a 
shift to protein denaturation at about 50 °C for poliovirus. Lowering the ionic 
strength stabilises DNA viruses such as parvovirus, while the opposite effect 
occurs for enteroviruses (Wigand, Bachmann et al., 1981). Thus, the character 
of the different matrices influences the rate of virus inactivation. Ammonia 
formation during anaerobic digestion could be the reason for the greater 
reduction in bovine enterovirus at 55 °C for 30 min (Monteith, Shannon et al., 
1986) than during ordinary heat treatment of SVDV, another enterovirus, at 
56°C for 60 min (Herniman, Medhurst et al., 1973) (Table 2).   
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Table 2. Physical treatments (thermal, high pressure and intense light pulses) shown to reduce viruses in different biowaste materials or food, as discussed in this thesis (adapted 
from (Zuber et al., 2013)        
Virus Temperature  Material D-valuea Reference 
Avian influenza virus 35°C 
35°C  
Compost run-off 
Pre-compost water 
6.3 
23.5 
(Guan et al., 2009) 
High pathogenic avian 
influenza virus 
37°C Allantois fluid 60 (Terregino et al., 2009) 
High pathogenic avian 
influenza virus 
55°C Whole egg 0.17 (Swayne et al., 2004) 
Porcine parvovirus 55°C Biogas substrateb 14 (Lund et al., 1996) 
Porcine parvovirus 55°C Fresh manure 11 (Elving et al., 2014) 
Porcine parvovirus 55°C Biogas substrate 4.8 (Holmqvist et al., 
Manuscript) 
Hepatitis E virus 56°C Faecal suspension ~0.3 (Emerson, 2005) 
Bovine enterovirus 55°C Cattle manureb ≤0.07 (Monteith et al., 1986) 
Swine vesicular disease 
virus 
56°C 
60°C 
Pig slurry  0.4 
 ≤0.03 
(Herniman et al., 1973) 
Swine vesicular disease 
virus 
65°C Pig slurry  ~0.005 (Turner & Williams, 1999) 
Porcine parvovirus 70°C Manure/ household waste  0.7 (Lund et al., 1996) 
Bovine parvovirus 70°C Slurry  0.4 (Böhm, 2005) 
Porcine parvovirus 70°C Biogas substrate  0.75 (Holmqvist et al., 
manuscript) 
Hepatitis E virus 71°C Swine liver ~0.04 (Barnaud et al., 2012) 
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Virus Pressure/ 
temperature/time  
Material Reduction log10 Reference 
Bacteriophage MS2 500 MPa/20°C/10 min Oyster slurry 0.22 (Black et al., 2010) 
Feline calicivirus 200 MPa/5°C/5 min Cod 1.15 (Hirneisen et al., 2012) 
Murine norovirus 500 MPa/20°C/2 min Green onion 4.7 (Hirneisen & Kniel, 2013) 
Human norovirus 600 MPa/6°C/5 min Oysters 4 (PCR)c (Leon et al., 2011) 
Murine norovirus 400 MPa/5°C/5min Oysters 4 (Kingsley et al., 2007) 
Feline calicivirus 500 MPa/4-13°C/5 min Sausage 2.9 (Sharma et al., 2008) 
Bacteriophage øX174 500 MPa/4-13°C/5 min Sausage 1.6 (Sharma et al., 2008) 
Human norovirus 600 MPa/1°C/2 min Dry blueberries 0.5 (PGMd/PCR) (Li et al., 2013) 
Avian influenza virus 500MPa/ 15°C/25 s Chicken meat >5 (Isbarn et al., 2007) 
Virus ILP dose (J cm-2) Material Reduction log10 Reference 
Polio 2 PBS 5%v/v FCS 5.5 (Roberts & Hope, 2003) 
Encephalomyocarditis virus 2 PBS 5%v/v FCS >6.1 (Roberts & Hope, 2003) 
Hepatitis A virus 2 PBS 5%v/v FCS >5.6 (Roberts & Hope, 2003) 
Parvovirus 2 PBS 5%v/v FCS 2.4 - >6.4 (Roberts & Hope, 2003) 
Murine norovirus 0.146 PBS 5%v/v FBS 4.1 (Jean et al., 2011) 
Hepatitis A virus 0.146 PBS 5%v/v FBS 2.1 (Jean et al., 2011) 
Murine norovirus 8.98 Stainless steel, fouled 2.6 (Vimont et al., 2015) 
Bacteriophage MS2 28.2 Powdered black pepper 0.61 (Belliot et al., 2013) 
aD-value, i.e. time (h) to reduce the virus titre by 1 log10, as related or approximated from the data; 
bduring anaerobic digestion; canalysed by polymerase chain reaction; danalysed in 
combination with porcine gastric mucin attachment  
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High pressure processing 
High pressure processing is an emerging strategy for food preservation and has 
been shown to reduce virus contamination in food such as shellfish and 
sausage (Table 3). This method has been shown to irreversibly inactivate 
viruses even below 250 MPa, affecting the non-covalent associations of the 
biomolecules, both for enveloped (Isbarn, Buckow et al., 2007; Jurkiewicz, 
Villas-Boas et al., 1995; Silva, Luan et al., 1992) and naked (Pontes, Cordeiro 
et al., 2001; Silva & Weber, 1988) RNA viruses.  
It has been shown that HPP affects viral capsid proteins of MNV (Hirneisen 
& Kniel, 2012; Tang, Li et al., 2010), retaining antigenicity. Low temperatures 
increase inactivation of feline calicivirus (FCV) (Chen, Hoover et al., 2005) 
and norovirus (Leon, Kingsley et al., 2011; Kingsley, Holliman et al. 2007). 
Salt hinders the effect for FCV and MNV and acidic conditions decrease 
inactivation for MNV (Kingsley, 2013). Interestingly, picornaviruses have 
differing susceptibility to HPP, presumably depending on structural differences 
in receptor-binding domains (Kingsley, 2013). Table 2 shows some examples 
of HPP treatments. 
 
 
Intense light pulses 
Intense light pulse (ILP) treatment is a novel food technology used for surface 
decontamination, consisting of broad-spectrum light, rich in UV, delivering 
short pulses with high energy (Gomez-Lopez, Ragaert et al., 2007). 
Inactivation of enteric viruses of up to 5 log10 has been seen in solutions (Jean 
et al., 2011; Roberts & Hope, 2003) and of approximately 4 log10 MNV 1 on 
surfaces (Vimont et al., 2015).    
Intense light pulses break RNA and capsid proteins of MNV 1, an effect 
suggested to be caused by absorbance of ultraviolet light followed by 
instantaneous overheating transferred to water (Vimont, Fliss et al., 2015). 
Bacteriophage MS2 shows capsid degradation after ILP treatment preceding 
the effects on the genome (Belliot, Loutreul et al., 2013). The capsid structure 
could influence susceptibility to UV inactivation due to amino acid differences, 
as shown for f-specific RNA phages (Wigginton, Menin et al., 2012).  
The food matrix affects reduction, hindering access by ultraviolet light 
(Gomez-Lopez, Ragaert et al., 2007). A high protein or fat content can hinder 
the ILP effect, as can the ability of different food surfaces to reflect and absorb 
light (Gomez-Lopez, Devlieghere et al., 2005), thus leaving less energy for 
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inactivation of microorganisms. Table 2 shows some examples of ILP 
treatments. 
 
3.5.2 Chemical treatments 
Ammonia treatment 
Ammonia (NH3) in the form of ammonium salts is a common fertiliser. 
However, NH3 in its uncharged form is toxic to living organisms such as 
humans, animals, plants and microorganisms (Warren, 1962). Cell membranes 
and other biological membranes such as virus coatings are freely permeable to 
the uncharged form, the NH3 molecule. The equilibrium between NH3 and its 
ionised form, NH4+, depends on the pH and the temperature and is shifted 
toward NH3 when either of these increases (Emerson, 1975). A common 
compound in biowastes, such as wastewater sludge (Ward & Ashley, 1977) 
and manure (Hansen et al., 1998), ammonia has been evaluated for sanitation 
purposes both by natural routes (Vinneras et al., 2008) and in added form 
(Vinnerås et al., 2003).  
Ammonia has been shown to inactivate poliovirus, an enterovirus 
possessing ssRNA, by cleavage of the viral RNA genome in intact virus 
particles. Suggested mechanisms of action of NH3 are stimulation of the 
nuclease activity of viral capsid proteins/natural RNases, or a pH increase 
inside the virus particle promoting alkaline hydrolysis, resulting in degradation 
of the viral RNA (Ward, 1978). The reaction is irreversible, but reovirus, a 
dsRNA virus, has been shown to be more resistant (Ward & Ashley, 1977), as 
is the dsDNA-containing phage 28b (Vinnerås et al., 2008; Höglund et al., 
2002). 
The inactivation mechanism by ammonia was further elucidated by Decrey 
et al. (2015), who found for the ssRNA bacteriophage MS2 that general 
alkaline transesterification of RNA was responsible and equally effective on 
naked RNA. The theory was that the 2’ carbon of the sugar ribose in RNA 
contains a hydroxyl group close to the centre of the phosphodiester bond. In a 
basic environment, the hydroxyl group is deprotonated, rendering the oxygen 
more nucleophilic for attack against the phosphorus centre of the 
phosphodiester bond, with subsequent scission. Decrey et al. (2015) observed 
varying inactivation rates for the ssRNA viruses MS2, GA and Echovirus, 
which they attributed to the different folding of the respective RNA structure, 
allowing more or less in-line structures promoting transesterification. 
Moreover, a longer genome gives more opportunity for formation of an in-line 
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structure and thus Echovirus can be reduced faster than MS2 and GA, which 
have shorter genomes.  
Concerning the slower inactivation rate of the dsRNA virus, this is 
suggested to be due to less in-line structure, owing to conformation restrictions 
of the double helix. Alternatively, it could be due to the fact that two scissions 
are needed within a certain length to cleave the strands (Burge et al., 1983). As 
for the DNA in DNA viruses, this molecule does not possess any hydroxyl 
group on the 2’ carbon and thus cannot be cleaved by this transesterification 
mechanism, although cleavage of peptide bonds is enhanced at higher pH 
(Decrey, 2015). Table 3 shows results from different ammonia studies. 
 
 Lactic acid treatment 
For food preserving purposes, lactic, acetic and citric acid are the most 
commonly used organic acids (Rajkovic et al., 2010). The virus reducing 
properties of lactic acid have been evaluated both naturally in fermented 
sausage products and in added form (Straube et al., 2011; Straube et al., 2010). 
In biowaste, lactic acid has been shown to inactivate picornavirus 
(Scheinemann et al., 2015) and as part of acidification of chicken pulp it 
completely inactivates LPAIV H5N2 (Kabell et al., 2009). Other organic acids 
used in biowaste management include formic acid, which is used to stabilise 
ABP 1 aimed for combustion (Vinneras et al., 2012)  
    The mechanism of inactivation of acetic acid and benzoic acid is mediated 
by the undissociated molecule (Jeffrey, 1995), and only certain ion forms of 
ascorbic acid may be active against enteroviruses (Salo & Cliver, 1978). The 
virucidal action of organic acids on enveloped viruses is due to interaction of 
lipophilic structures with the viral lipid membranes (Haas et al., 1995). Other 
effects include inhibition of enzymatic reactions (De Benedictis et al., 2007) 
and, for ascorbic acid, breakage of DNA, as seen for the double-stranded phage 
T7 (Richter & Loewen, 1982). For naked viruses, the virucidal action of 
organic acids is suggested to have an inhibiting effect on nucleic acid and 
capsid proteins, the latter hindering virus adsorption onto host cells (Choi, 
Song et al., 2010; Salo & Cliver, 1978). The action seems to be virus specific, 
with diverging effects of lactic acid on FCV and Echovirus (Straube, Albert et 
al., 2011) and of ascorbic acid on different enteroviruses (Salo & Cliver, 
1978). Moreover, the effect is not only a result of pH, as poliovirus is 
significantly more reduced by ascorbic acid than citric acid at the same pH. 
Salo and Cliver (1978) claim that serum decreases the rate of inactivation of 
ascorbic acid, in accordance with the fact that protein content inhibits the effect 
of organic acids (Haas et al., 1995). Other factors affecting food treatments 
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with organic acid are the type, pH and buffering capacity of the product 
(Rajkovic, Smigic et al., 2010). 
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Table 3. Chemical (ammonia and organic acid) treatments of viruses discussed in this thesis 
Virus Chemical/concentration Time/pH/temp Material D-valuea/Reduction log10  Reference 
AIV H3N8 Lactic acid/0.20% 1h/3.8-3.9/4°C PBS lactic acid n.a./~6 log10 (Straube et al., 2010) 
Feline calicivirus Lactic acid/0.4% 3h/3.2-3.3/20°C PBS lactic acid n.a./~1.5 log10 (Straube et al., 2011) 
Porcine parvovirus Formic acid/3% 60d/4.5/14°C Carcasses, 
slaughterhouse waste 
n.a./6 log10 (Vinneras et al., 2012) 
Polio virus,  Coxsackie 
virus,  Echovirus 
Ammonia/294 mM 24h/9.5/21°C 0.1 M Tris-0.5 M NH4Cl <4/>6 (Ward & Ashley, 1977) 
Bacteriophage f2 
(Leviviridae) 
Ammonia/36 mM 150h/8.6/20°C 0.25 M NH4Cl 14/n.a. (Cramer et al., 1983) 
Bacteriophage MS2 Ammonia/85 mM 7d/8.9/15°C Urine <19/8.9 (Chandran et al., 2009) 
Bacteriophage MS2 Ammonia/156 mM 182d/9.0/24°C Urine 15±3/n.a. (Vinneras et al., 2008) 
Reovirus 3 Ammonia/294 mM 24h/9.5/21°C 0.1 M Tris-0.5 M NH4Cl >12/<2 (Ward & Ashley, 1977) 
Rhesus rotavirus Ammonia/66 mM ~120d/9.0/20°C Urine 35d/>3 log10 (Höglund et al., 2002) 
aD-value= time (h) to reduce the titre by 1 log10 as reported or approximated from the data; n.a.=not applicable    
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4 Comments on Materials and Methods  
Guidelines have been issued on the design and interpretation of virus validation 
studies (EMEA, 1997; EMEA, 1996), due to the hazard of unknown or 
adventitious viruses reported to contaminate biological products such as 
vaccines and blood products in the past (EMEA, 1996). These guidelines give 
practical and statistical advice, such as types of model virus (sections 3.3 and 
4.1) and validation of test systems (section 4.2), which are important for 
retrieving reliable data. For full details of the materials and methods used, see 
the relevant sections in Papers I-IV.  
 
4.1 Choice of model viruses  
In HACCP, validation of inactivation processes are performed using suitable 
viruses or models, depending on the virus hazard identified. Table 4 shows the 
model viruses and bacteriophages used in this thesis.  
In Paper I, PPV was chosen as non-specific model virus to validate a 
thermal step stipulated by the ABP regulation (EU, 2009), also a relevant virus. 
Swine vesicular disease virus, an enterovirus, which has been suggested as a 
model for processes in biogas plants (Lund, Jensen et al., 1996), was chosen as 
a relevant and specific model virus. An additional non-specific model, 
bacteriophage 28b, validated for large-scale possibilities and previously used 
as a model in mesophilic composting of household waste (Holmqvist & 
Stenström, 2002), was also included.  
In Paper II, evaluating ammonia treatment of hatchery waste, LPAIV H5N3 
and HPAIV H7N1 were chosen as relevant viruses, as they could be present in 
hatchery waste following an epizootic outbreak. The specific model viruses 
used in Paper II were bovine parainfluenza virus (BPIV) 3, a model for NDV, 
and feline coronavirus (FCoV), a model for IBV. According to the definitions, 
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feline calicivirus (FCV) would be considered a non-specific model virus for 
AHEV, but could be suggested as a specific model virus, as AHEV was 
formerly in the same virus family, the Caliciviridae. Based on its similarity to 
the pathogenic viruses, bacteriophage MS2 was used in Paper II as a non-
specific model, also to be evaluated as a stable model regarding alternative 
processes according to ABP regulations (EU, 2011).  
In Paper III, evaluating composting of hatchery waste and manure as a 
means of inactivation of epizootic avian influenza, HPAIV H7N1 was chosen 
as a relevant virus. Based on its similarity to the pathogenic virus, the 
enveloped bacteriophage ϕ6was used as a non-specific model. Bacteriophage 
MS2 was included as another non-specific model, but could also be a model for 
other heat-stable avian viruses such as AHEV. 
In Paper IV, evaluating food processing technologies using contaminated 
swine liver, ham and dry sausage, a special case arose as HEV is very difficult 
to cultivate and susceptibility is estimated from models using different 
physico-chemical properties (Sinclair, Rose et al., 2012). The specific model 
viruses were FCV and MNV, as models for HEV and other food-borne human 
viruses. According to the definitions, FCV and MNV would be considered 
non-specific model viruses for HEV, but could be suggested as a specific 
model virus, as HEV was formerly in the same virus family, the Caliciviridae, 
and thus possesses similar physico-chemical characteristics. Bacteriophages 
MS2, øX174 and 28b were used as non-specific model viruses with diverse 
structures.  
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Table 4. Properties of the virus/bacteriophage families of the viruses used in this thesis (Anon, 2005) compared with swine hepatitis E 
Virus/bacteriophage       Shape                  Virus family              Size (nm)              Envelope                            Genome 
     Type Size (kb) 
Porcine parvovirusa (I) Icosahedral Parvoviridae 18-26 No ssDNA 4-6 
Swine vesicular 
disease virusb (I) 
Icosahedral Picornaviridae ~30 No +ssRNA 7-8.8 
Avian influenza virusc 
(II,III) 
Spherical/ 
pleomorphic 
Orthomyxoviridae 80-120 Yes Segmented -
ssRNA 
10.0-14.6 
Bovine parainfluenza 
virus 3d  (II) 
Spherical/ 
pleomorphic 
Paramyxoviridae ~150 Yes -ssRNA 15-18.4 
Hepatitis E virus Icosahedral Hepeviridae 27-34 No +ssRNA 7.2 
Feline coronaviruse (II) Spherical Coronaviridae 120-160 Yes +ssRNA 27.6-31 
Feline calicivirusf 
(II,IV) 
Icosahedral Caliciviridae     27-40 No +ssRNA 7.4-8.3 
Murine norovirusg (IV) Icosahedral Caliciviridae 27-40 No +ssRNA 7.6 
Enterobacteria phage 
MS2h (II) 
Spherical/ 
icosahedral 
Leviviridae 26 No +ssRNA 3.5-4.3 
Enterobacteria phage 
X174i (IV) 
Icosahedral Microviridae ~30 No circular +ssDNA 4-6 
Salmonella 
Typhimurium phage 
28B j(I,IV)  
Isometric 
icosahedral with 
tail 
Podoviridae 60-65 No dsDNA 38-42 
Pseudomonas phage 
ϕ6 (III) 
Icosahedral 
nucleocapsid 
Cystoviridae 85 Yes dsRNA, 
segmented 
13.4 
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kb=kilobase;  -ss=negative sense single stranded; +ss=positive sense single stranded; astrain 893/76; bstrain 27/72; cHPAIV A/turkey/Italy/1387/00(H7N1) and LPAIV 
A/mallard/Sweden/1174/05(H5N3); dstrain 1878/88, SVA; estrain DF2 (American type culture collection (ATCC) VR-2004; fstrain 2280 (ATCC VR-2057) and wildtype/84  (SVA);  
g strain SVA/07  hATCC 15597-B1; iATCC 13706-B1;  j(Lilleengen, 1948); kATCC 21781-B1 
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4.2 Design of experiments 
 
4.2.1 Virus properties 
The viruses used in Papers I-IV were naturally infected to high titres, using 
their respective cell line, with no further manipulation other than low-speed 
centrifugation to avoid aggregation. Aggregation could otherwise increase 
physical removal and decrease inactivation, and thus alter the correlation with 
the actual process step (EMEA, 1997). The viruses were spiked in such a way 
(≤10%) as not to significantly affect the properties of the different matrices. In 
the experiments with solid food matrices (Paper IV), the virus spike was up to 
15%, so as to cover the surface of the food item. 
 
4.2.2 Treatments  
The reproducibility of an effective step should be assessed by performing at 
least two independent experiments (EMEA, 1997). In all laboratory studies in 
Papers I-IV, at least two experiments were performed on different occasions. 
Three different batches of substrate from a biogas plant were used in thermal 
studies (Paper I). In the ammonia studies (Paper II), HW originating from two 
large batches of 1-2 m3 with a pH of 8.0 and 7.4, respectively, was used. Dry 
matter content was 60% for the HW in the laboratory study. In the composting 
study (Paper III), the poultry manure originated from two batches, added with 
unhatched spf-eggs containing 14-day old embryos from one batch and straw 
from one batch, with a moisture content of 57-58% for the two compost 
mixtures. For Paper (IV), the food items originated from different batches for 
the three treatment methods HPP, LA and ILP.  
In addition to the minimum exposure time, at least one time point less than 
the minimum exposure time and exceeding zero is recommended for virus 
inactivation studies (EMEA, 1997). All experiments where time was monitored 
fulfilled this criteria (Papers I-IV). The amount of virus eliminated or 
inactivated by the treatment should be compared to the amount of virus that 
may be present in the materials (EMEA, 1997). In Papers I-IV, the virus 
amount varied from approximately 5-8 log10 g-1, usually with the higher titres 
for the bacteriophages. Regarding biowaste destined for biogas or composting 
plants, it is difficult to estimate the exact virus content, but animal faeces, 
organs and body fluids can contain pathogenic virus in large amounts (Table 
1).  
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4.3 Test systems 
4.3.1 Analysis method 
The evaluation methods were based on the infectivity of the virus using their 
relevant detection system, in this case a susceptible cell line showing 
cytopathogenic effect. As PPV is non-cytopathogenic, the infection was 
combined with an immunological method. Titre calculations were based on 
quantal methods for the viruses (Kärber, 1931) and quantitative methods for 
the bacteriophages (Anon, 2000; Anon, 1995; Adams, 1959).  
The titre values obtained reflect the sensitivity of the detection system to the 
virus/bacteriophage. Not all living virus particles are necessarily detected 
(Havelaar et al., 1991), and thus virus reduction factor (RF) or D-values were 
calculated to estimate the efficiency of the inactivation process.  
 
4.3.2 Matrix effects 
Any toxic or interfering effects of the matrices have to be considered regarding 
the reliability of the detection system (EMEA, 1997). Cytotoxicity and virus 
interference assays were performed in order to determine the effect of the 
different matrices on the sensitivity of their detection systems. Thus, the limit 
of detection where no virus was found could be calculated according to the 
formula: c = -ln p/V, where 1-p is the 95% probability that the sample is free of 
infectious virus (p=0.05), V is the volume tested and c is the virus 
concentration (EMEA, 1997) 
 
4.4 Scale  
The process factors at laboratory or pilot plant scale could differ from those of 
commercial-scale processing, despite efforts to design the scaled-down process 
(EMEA, 1997). Thus, variations in process parameters have to be evaluated in 
terms of effect on virus inactivation (EMEA, 1997). This concept was used in 
the present thesis, as the response variable (change in virus titres) was 
measured in response to controlled parameters.    
Based on the results from the statistical evaluations (see section 4.5), 
upscaling of the ammonia treatment was performed in an actual production 
setting at a hatchery (Paper II). Bacteriophage MS2 was mixed in a total 
volume of approximately 2 m3 HW, and NH3 was introduced at a slow rate to 
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up to 0.6%(w/w) with sampling from both the top and bottom of the tank 
(Paper II). MS2 titre, environmental temperature, NH3 concentration and pH 
were monitored. In composting (Paper III), duplicate laboratory-scale compost 
reactors were used for upscaling and surface temperature, moisture content 
(%), pH and carbon/nitrogen ratio were monitored. 
    
4.5  Statistical evaluations  
4.5.1 Virus reduction factors (Papers I and IV) 
Log10 reductions were calculated from the individual titre values, with the 
initial value taken at the start. Virus reduction factors R were thus calculated 
according to (EMEA, 1997) using the formula:  10R = v’ × 10a’ / v’’ × 10a’’, 
where v is the starting/final volume and a is the starting/final titre. It is 
recommended that the 95% confidence limits for the reduction factor are 
calculated wherever possible in studies of clearance of relevant and specific 
model viruses (EMEA, 1997). The relevant reduction factors with 95% 
confidence interval in Paper I and Paper IV are presented in this thesis (EMEA, 
1997).  
 
4.5.2 Regression analysis (Papers II and III) 
For each microorganism, ammonia concentration and temperature, the 
individual log10 titre values obtained were plotted in a diagram as a function of 
time and linear regression analysis was used to determine the inactivation rate 
constant in the different treatments. D-values (the time required to reduce the 
population by 1 log10, 90%) were derived by taking the reciprocal of k and a 
95% confidence interval of D was calculated from the t-distribution of the 
standard error from the regression analysis. The time needed for the specific 
reductions of 3 and 12 log10 was extrapolated using the upper 95% confidence 
interval. For Paper III, the 99% confidence intervals (99% CI) were calculated 
only for material and temperature combinations with data available from at 
least three sampling occasions, so in this case the time for a 12-log10 reduction 
in the organisms was based on the upper 99% CI.  
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5 Results and Discussion 
5.1 Biosafety at normal conditions 
5.1.1 Thermal treatments (Paper I) 
The results from the thermal treatments regarding SVDV and PPV in biogas 
substrates are shown in Table 5. At 70 °C, SVDV underwent complete 
reduction after 30 min, comparable to the reduction of about 6.5 log10 reported 
at 65 °C for 2 min in pig slurry (Turner et al., 1999). In contrast, at 55 °C 
SVDV showed lower reductions, with an estimated D-value of 0.5 h. These 
results are in good agreement with previous findings for pig slurry at 56 °C of 
an estimated D-value of 0.4 h (Herniman et al., 1973). At higher temperatures, 
those authors found complete reduction of ≥6.5 log10 at 60 °C after 10 min, and 
noted that SVDV was more stable in slurry than in milk, probably due to 
matrix differences.  
For PPV at 55 °C, we obtained no significant inactivation. For longer time 
periods, Lund et al. (1996), who tested PPV at 55 C in laboratory biogas 
reactors fed manure/manure with 20% household waste (Table 2), observed 
biphasic inactivation curves, with D-values of 3 and 14 h, respectively. 
Similarly, (Elving et al., 2014) tested PPV in fresh cattle manure and obtained 
a D-value of approximately 11 h. Both these studies used similar biowaste, as 
Lund et al. (1996) used 75% cattle manure and 25% pig manure (no reported 
dry matter content), while the fresh cattle manure used by Elving et al. (2014) 
had a dry matter content of about 13%. This shows the conservative nature of 
PPV towards heat.  
For PPV at 70 °C we found an estimated D-value of 0.3 h. This is in 
agreement with (Böhm, 2005), who reported a D-value of 0.4 h for bovine 
parvovirus in slurry (Table 2). However, D-values of 0.7-0.75 h have been 
found for PPV in biogas substrates (Holmqvist et al., Manuscript; Lund et al., 
1996). The latter opposed the requirement of a 4 log10 reduction set by 
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(Carrington, 2001) as being too high for such a heat-resistant virus as PPV. 
Instead, they recommended the use of a picornavirus.  
Table 5. Reductions (TCID50 log10 ±95%CI) brought about by thermal treatments (Paper I). 
Values are from triplicate experiments, for original values see Paper I 
Virus 55 °C 30 min 55 °C 60 min 70 °C 30 min 70 °C 60 min 
PPV 1.0±1.4 1.4±1.4 2.6±1.5 3.2±1.1 
SVDV 1.5±0.53 2.2±0.47 6.0a±0.85b 5.9a±0.85b 
aTitre fell below detection limit; b95%CI of initial titre  
 
5.1.2 Ammonia treatment (Paper II) 
All inactivation rates increased significantly with NH3 addition and 
temperature. The enveloped viruses, not tested previously in terms of NH3 
treatment, had similar reduction rates as the naked viruses. Bacteriophage MS2 
had consistently higher D-values than the pathogenic viruses and models, as 
shown at 0.25% (wt/wt) ammonia addition at 14 °C (Table 6).  
Table 6. Effect of ammonia addition 0.25% (wt/wt) to hatchery waste, pH 9.2, NH3 concentration 
74 mmol kg-1, at 14°C (Paper II). 
Virus/phage Inactivation rate  
±SE (log h-1) 
D-value (95%CI) (h) Time (h) to  
3 log10  reduction 
FCoV 0.39±0.077 2.6(1.8-4.7) 14 
BPIV 3 0.29±0.04 3.4(2.6-5.0) 15 
FCV 0.41±0.032 2.4(2.1-2.9) 9 
LPAIV 0.31±0.031 3.2(2.6-4.2) 12 
HPAIV 0.25±0.027 4.1(3.3-5.4) 16 
MS2 0.069±0.0036 14(13-116) 49 
MS2* 1.3 0.77 2.3 
*Full-scale experiment up to 214 mmol kg -1, pH 10, 22°C; n.a. = not applicable 
   
The results in Paper II regarding the naked ssRNA viruses are in good 
agreement with earlier reports studying NH3 inactivation. In the treatment at 25 
°C, pH 9.5 and 268 mmol kg-1 NH3, MS2 had a D-value of 2.3 h, while FCV, 
which has a similar structure to be Picornaviruses, showed a D-value of 1.3 h. 
In similar conditions, (Ward & Ashley, 1977) showed that at 21 °C, pH 9.5 and 
an NH3 concentration of 294 mM, six different Picornaviruses were inactivated 
by >6 log10 in 24 h (D-value <4 h).  
In the full-scale experiment at a hatchery (Table 6), MS2 was inactivated 
with a D-value of 0.77 h, i.e. a three-fold greater reduction in the full-scale 
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process compared with that in the present bench-scale process at similar pH 
values and NH3 concentrations.  
 
5.1.3 Critical control points and critical limits 
For HACCP purposes, in the European Community regulation (EC, 2009) the 
hazards are already identified and generally characterised into categories (1, 2 
and 3). For the Category 3 materials used in Papers I and II, regulation EU No. 
142/2011 (EC, 2011) states that a thermal or a chemical process may be used 
provided it gives a reduction of at least 3 log10 in a thermo-resistant virus, 
whenever it is deemed a risk.  
Swine vesicular disease virus, a model for enterovirus, reached reductions 
of 6.0±0.85 (95%CI) log10 already after 30 min at 70 °C in Paper I. Thus the 
temperature and time in the batch heating process evaluated in that study could 
be suggested as CCPs in the treatment of this mixed biogas substrate, also for 
virus groups of similar susceptibility. However, for PPV at 70 °C there were 
lower mean reductions of 2.6±1.5 (95%CI) log10 and 3.2±1.1 (95%CI) log10 
after 30 and 60 min, respectively, indicating that other heat-stable viruses such 
as circoviruses would also survive these high temperatures. Porcine circovirus 
2, which has been shown to be common in e.g. Sweden (Linné et al., 2000) and 
can be present without clinical disease symptoms, has been shown to be very 
heat-stable. In a protein environment of 10% FBS, there was a 4.7 log10 
reduction at 90 °C for 15 min, while at 95 °C for 5 s the virus was still viable, 
with a reduction of 5.6 log10 (Emmoth, 2005). Thus, depending on the 
individual hazard analysis by the biogas or composting plants, CCPs have to be 
evaluated on a case-by-case basis.  
In the validation of the 70 °C heating step for 1 h, the process mimicked the 
batch process in a biogas plant. The experiments were performed with 
continuous stirring at 70.0-70.7 °C, and a pre-heating time of 20 min before 
time-keeping started at 70 °C. Thus, a critical temperature limit could be 
suggested as 71 °C. For enterovirus, the critical time limit could be decreased 
to 30 min in addition to the pre-heating time. The temperature has to be 
measured, preferably continuously, with well-calibrated thermometers. The 
stirring process is crucial to achieving an even temperature distribution.  
Based on the results of ammonia treatment in hatchery waste, an addition of 
0.25-0.75% (wt/wt) could be used for ssRNA virus inactivation in hatchery 
waste, at temperatures of 5-25 °C for all viruses tested. The CCPs would be pH 
and temperature, and treatment times could be devised based on the MS2 D-
values with their 95% confidence intervals (Table 6). To achieve the intended 
target of a 3 log10 reduction (EC, 2011), e.g. addition of 0.25% (w/w) NH3 (10 
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L 28% NH3 [aq] m-3 material) should be followed by storage for 2 days at 14 
°C (Table 6). In this case, the critical limits are a temperature of >14°C, a pH 
of >9.2 and a time of >2 days.  
  
 
5.1.4 Suitability of model viruses and bacteriophages 
Thermal treatment 
The aim of the thermal treatment according to EU regulations (EC, 2011) is 
to inactivate also adventitious virus hazards. Thus, parvovirus was chosen, as a 
thermostable virus, and an enterovirus model. Considering the inactivation 
mechanism (see section 3.5.1), at the high temperatures of 55-70°C, the 
different effects obtained could be due to differing protein structures. The 
dsDNA bacteriophage 28b used as a presumptive indicator did not exhibit any 
significant inactivation after exposure to 70 °C for 60 min and thus it is 
probably too heat-resistant to serve as an indicator regarding this treatment. In 
a previous study, 28b was found to be six- and seven-fold more heat resistant 
than PPV at 55 °C and 60 °C, respectively (Holmqvist et al., manuscript), 
showing promise as an indicator for longer treatment times for an identified 
viral hazard. 
 
Ammonia treatment 
In preliminary studies, bacteriophage X174 did not show any significant 
inactivation at 25 °C up to 72 h even at 0.75% (w/w) NH3, with an estimated 
D-value of approximately 25 days at 0.25% (w/w) NH3 at pH 9.2. This is in the 
same range as found by others (Vinneras et al., 2008), i.e. a D-value of 12±10 
days at an NH3 concentration of 156 mM NH3, 24 °C and pH 9.0. These results 
confirm that bacteriophage X174 is very insensitive to NH3 inactivation, as 
indicated by the proposed inactivation mechanism (see section 3.5.2), and is 
thus too conservative as an indicator for ssRNA viruses in these conditions.  
In contrast, bacteriophage MS2 proved an excellent indicator of inactivation 
of all other ssRNA viruses, as it was always inactivated at a lower rate. 
Similarly, Cramer et al. (1983) assessed the effect of NH3 on bacteriophage f2, 
which is in the same family (the Leviviridae) as MS2, and observed 4.5-fold 
higher stability to NH3 of f2 than for poliovirus, a Picornavirus. At a 
temperature of 20 °C, pH 8.6 and an NH3 concentration of 36 mM, they found 
a D-value of 14 h for f2. In Paper II, MS2 demonstrated the same D-value at 14 
°C, pH 9.2 and 74 mmol kg-1 NH3. In the same range, MS2 was 5.8 fold more 
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stable than FCV, an ssRNA virus such as poliovirus. Bacteriophage f2 has also 
been used in experiments with non-aerated animal waste, where the effect of 
NH3 was noted at 16 °C and pH 8.7 (Pesaro et al., 1995). They found that f2 
had similar sensitivity to NH3 as encephalomyocarditis virus, another ssRNA 
virus. These studies indicate that bacteriophages of this type are good models 
for naked ssRNA viruses regarding NH3 inactivation.  
The viruses used in the ammonia treatments were all ssRNA viruses, 
models for specific pathogenic viruses. The avian influenza viruses represent 
different pathogenicity and varying segmented genomes. The general 
inactivation mechanism (see section 3.5.2) of ammonia indicates that also 
NDV, belonging to the same Paramyxovirinae subfamily as BPIV 3, with only 
approx. 200 bp shorter genome, will be inactivated. Both feline coronavirus 
and avian bronchitis virus belongs to genus Coronavirus, thus have similar 
genome size. Regarding FCV, this virus has about 7.7kb compared to HEV and 
AHEV with approximately 7.2 kb and 6.6 kb, respectively. As 
recommendations were given based on the inactivation rate of bacteriophage 
MS2 with a 3.6 kb genome, which was shown to be inactivated about 5 times 
slower than FCV, these viruses are indicated to be inactivated also. 
 
5.2 Food safety (Paper IV) 
As a hazard in pork products, HEV has recently drawn attention through 
increasing cases of an autochthonous nature, including in Sweden (Widen et 
al., 2011). In Paper IV swine liver, dry cured ham and cold smoked pork 
sausage were spiked with a spectrum of viruses as models for HEV, and 
subjected to the different treatments.  
 
5.2.1 High pressure treatment 
The results from the HPP treatments are shown in Table 7. Bacteriophage MS2 
was the most stable microorganism, and did not show any significant reduction 
on swine liver tested up to 400 MPa. FCV wt was the most labile 
microorganism, and was inactivated by 5.0 log10 after 300 MPa. At 400 MPa, 
also FCV 2280 showed 4.2 log10 reduction, while MNV 1 was inactivated by 
3.4±0.42(95%CI) log10.  
In contrast, on dry cured ham at 400 MPa, MNV 1 was unaffected. 
Reductions on swine liver were significantly greater than on ham for the 
viruses at 300 and 400 MPa, and for X174 to a lesser extent at 300 MPa. 
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Table 7. Reductions (log10 TCID50/PFU±95%CI) after 10 min high pressure treatments for murine 
norovirus 1, feline calicivirus 2280, feline calicivirus wt and bacteriophages MS2, øX174 and 28b 
on swine liver and dry cured ham at 12-13°C. Results are from two experiments with duplicate 
samples (Paper IV). 
Virus/phage Liver 300 MPa Liver 400 MPa Ham 400 MPa Ham 600 MPa 
MNV 1 n.d. 3.4±0.42 0.11±0.81 2.9±0.88 
FCV 2280 1.5±0.37 4.2±0.37a 0.70±0.38 4.1±0.80 
FCV wt 5.0±0.92a 5.0±0.92a 1.5±0.66 4.4±0.64 
MS2 -0.10±0.39 -0.12±0.39 -0.12±0.29 1.3±0.45 
øX174 1.3±0.30 1.1±0.16 1.3±0.35 1.7±0.064 
28b 0.29±0.19 0.52±0.13 0.5±0.28 1.7±0.30 
n.d.=not done; a95%CI calculated from initial titre 
 
5.2.2 Lactic acid treatment 
Surface contamination at e.g. abattoirs could imply a HEV hazard. Lactic acid 
was tested as a surface treatment for spiked swine liver and dry cured ham for 
10 min, with MNV 1 and FCV as models for HEV. MNV 1 showed initially 
higher reductions of 2.1±0.35(95%CI), for swine liver at 0.55 M lactic acid, 
and stabilized at lower pH values (Fig. 1). Bacteriophage øX174 was the most 
stable microorganism, and could be devised as a conservative indicator for 
MNV 1 at 0.55-1.1 M for swine liver, and at 0.55M for ham (Fig. 1). 
Bacteriophage MS2 and 28b were significantly more stable than MNV 1 only 
at 0.55M for swine liver. Feline calicivirus 2280 and FCV wt were the least 
stable microorganisms with 2.1±0.77(95%CI) and 1.9±0.78(95%CI) log10 
reduction for swine liver, and 2.4±0.61(95%CI) and 3.1±0.29(95%CI) for ham, 
respectively, at 2.2 M lactic acid concentration (results not shown).  
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Figure 1. Reduction (log10 TCID50 /PFU) in MNV 1 and bacteriophages øX174, MS2 and 28b,  
after lactic acid treatments for 10 min, on swine liver or dry cured ham. pH values at 0.55, 1.1 and 
2.2 M final concentrations were 3.7±0.12, 3.4±0.10 and 3.1±0.20 for swine liver, and pH 
3.6±0.11, 3.2±0.09 and 2.9±0.07 for ham. Values are means of three experiments, except for 
MNV 1 on swine liver, with six experiments. Different letters denote significant (p<0.05) 
differences between virus reductions for the respective food item and lactic acid concentration 
(Paper IV).  
 
Figure 2. 
 
  
5.2.3 Intense light pulse treatment 
Intense light pulse (ILP) treatment was performed in a laboratory Tecum- 
Mobile Decontamination Unit. Spiked samples of swine liver, dry cured ham 
and cold smoked sausage were subjected to different ILP-doses of 3-60 J cm-2. 
Bacteriophage MS2 was the most stable microorganism, significantly more 
stable than one or both caliciviruses for swine liver and ham (Fig. 2). For 
sausage, one or both caliciviruses were significantly more labile than MS2 only 
at 12, 30 and 45 J cm-2. Bacteriophages øX174 and 28b showed similar 
resistance as FCV 2280 (results not shown). Reductions on ham were 
significantly lower than on swine liver for øX174 at 3- 15 J cm-2 and for the 
other microorganisms at 15-60 J cm-2.  
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Figure 2. Reductions (log10 TCID50 /PFU) in bacteriophage MS2, feline calicivirus (FCV) 2280 
and FCV wild type (wt), after intense light pulse treatment with doses of 3, 6, 9, 12, 15, 21, 30, 45 
and 60 J cm-2 on swine liver and dry cured ham. MS2 reductions were significantly (p<0.05) 
lower than for the caliciviruses on the respective food item (Paper IV). 
 
5.2.4 Critical control points 
High pressure processing is a non-thermal technology and has been shown to 
also inactivate internalized virus (Hirneisen & Kniel, 2013; Calci et al., 2005). 
Reduction criteria for HEV is hard to estimate because actual virus levels in 
food and accurate dose-response relationship in humans are not known (Cook 
and van der Poel 2015). Based on our results, pressure and time influenced the 
virus reductions, and could be considered CCPs in treatment of swine liver and 
dry cured ham.  
An important CCP is the temperature that together with pressure and time 
should be controlled continuously. Food texture has to be checked at these 
pressures. Other parameters influencing virus reduction could be pH, humidity 
and any chemicals such as salt content.  
No reduction criteria are available for HEV regarding surface 
decontamination, although swine carcasses have been shown to contain up to 
5.9 log10 100 cm-2 according to PCR (Table 1). For LA treatment, the highest 
reduction in MNV 1 was achieved on swine liver at 0.55 M LA. For ILP 
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treatment, swine liver showed significantly higher reduction than ham for the 
caliciviruses at 15-60 J cm-2. As HEV was found at high concentrations 
internally in swine liver (Table 1), this would present a hazard not reduced by 
surface treatment. However, ILP could be an alternative for decontamination of 
HAV or HuNoV in food handling. 
 
5.2.5 Suitability of model viruses and bacteriophages 
The approach was to use a spectrum of viruses. Murine norovirus showed 
higher stability to HPP in comparison to the feline caliciviruses. MNV 1 is also 
suggested as a more suitable norovirus surrogate (Kingsley et al., 2007). In the 
HPP treatments on swine liver at 10 min, bacteriophages MS2 and 28b could 
be suggested as surrogates for norovirus and calicivirus at 300 MPa, including 
øX174 at 400 MPa. For dry cured ham at 600 MPa after 10 min, all 
bacteriophages were significantly more stable than the caliciviruses and MNV 
1, and could be suggested as indicators for these kinds of viruses. However, 
MS2 and related bacteriophages showed higher inactivation at temperatures 
below 21 °C (Guan, Kniel et al. 2006; Guan, Joerger et al., 2007), in similarity 
to caliciviruses and noroviruses (Kingsley, 2013). This indicates that MS2 is a 
more conservative surrogate for these types of viruses. In contrast, the 
susceptibility of bacteriophage øX174 to HPP has been shown to be unaffected 
by temperatures of 4-40 °C (Guan, Kniel et al., 2006).  
For lactic acid treatments, MNV is considered a more suitable norovirus 
surrogate due to its enteric nature (Wobus, Thackray et al., 2006). For swine 
liver, at 0.55 M LA addition, øX174, MS2 and 28b could be suggested as 
conservative indicators for MNV 1, the norovirus model for HEV, while at 1.1 
M and 2.2 M only øX174 was an appropriate indicator. For dry ham at 0.55 M 
LA, both øX174 and MS2 were significantly more stable than MNV 1, and 
could be suggested as conservative indicators.   
In the intense light pulse treatments on swine liver (Paper IV), MS2 was 
significantly more stable than one or both feline caliciviruses at 6-60 J cm-2, 
indicating that it is a conservative surrogate for these types of viruses. On dry 
cured ham, only FCV wt was consistently more labile than MS2 and at 30 J 
cm-2 no significant difference of MS2 to the caliciviruses could be seen.  
If the hazard is specified, preferably relevant model viruses of the same 
species should be chosen. However, as these viruses also are laboratory 
cultured, they may have changed their properties in regard to the pathogenic 
virus (EMEA, 1997). We saw significant differences between the two FCV 
strains in the HPP and the ILP studies, both for swine liver and ham, with FCV 
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wt being the most sensitive. In contrast, MNV 1 was shown as significantly 
more stable than the FCVs both for HPP and LA treatments.  
Regarding UV treatment, FCV strain F9 is estimated as two- to three-fold 
more labile than MS2 (Hijnen et al., 2006; Tree et al., 2005), similarly to FCV 
wt in our ILP study. However, FCV 2280 was seen to be more stable. This 
strain also shows differences in capsid structure compared with strain F9 
(Geissler et al., 1997). Strains of Vesivirus have previously been shown to have 
varying susceptibility to UV treatment, but in comparison with MS2 this 
difference could be of minor importance (Husman et al., 2004). Strain 
differences of FCV have also been seen against disinfectants (Di Martino et al., 
2010). This high-lights the fact that appropriate surrogate viruses could be a 
better choice. 
    
5.3 Biosafety in an epizootic outbreak situation (Papers II and 
III) 
In an epizootic outbreak situation of e.g. avian influenza or Newcastle disease 
virus, the waste materials, such as HW and manure, are classed as Category 2 
materials and should thus at least be pressure-sterilised, as in any process 
requiring HACCP (EC, 2009). However, for biosafety reasons, it is often better 
to perform sanitation on-site, e.g. by liming, recommended at 40 kg m-3, 
followed by storage for 4 days (Anon, 2009). In this respect, safer handling 
could be accomplished by NH3 treatment, because it is easier to disperse in the 
materials. For the hatchery waste in Paper II, a sufficient reduction of 12 log10 
was estimated based on the upper 99% confidence interval for the influenza 
viruses and the models for NDV and IBV at 14 °C after approximately 2 days 
at 0.5% (w/w) NH3 addition (Table 8).  
Another option is composting (Guan et al., 2009), which can be performed 
in mesophilic (15-45 °C) or thermophilic (>45 °C) conditions. In Paper III, 
HPAIV H7N1 in mixtures of chicken manure and embryonated hen eggs was 
quickly reduced already at mesophilic temperatures of 35-45 °C (Table 7). The 
somewhat longer time for a 12 log10 reduction at 45 °C compared with 35 °C is 
due to the larger standard error of the inactivation rate constant in the 
regression, resulting in a larger confidence interval. At a thermophilic 
temperature of 55 °C, the time for a 12 log10 reduction was 30 min. 
Bacteriophages MS2 and ø6 were also tested as presumptive indicators, with 
estimated times for a 12 log10 reduction of 835 and 2 h, respectively (Table 8). 
In the laboratory composting reactors, both HPAIV H7N1 and ø6 were 
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inactivated below the detection limit within 24 h, while MS2 showed a 4-7 
log10 PFU reduction after seven days.  
Table 8. Time to 12 log10 reduction (h) based on the upper 99% confidence intervals (99%CI), for 
ammonia (NH3) addition of 0.5%(wt/wt), pH 9.5, NH3 186 mmol kg-1 or 0.25%(wt/wt), pH 9.2, 
NH3 74 mmol kg-1, at 14°C and for composting at 35-55°C. Results from duplicate or triplicate 
experiments (Papers II and III) 
Virus/phage Treatment Material D-value 
(99%CI)(h) 
Time to 12 log10  
reduction (h) 
FCoV NH3 0.5%(wt/wt) Hatchery waste 1.2(0.87-1.9) 23 
BPIV 3 “ “ 1.3(1.1-1.5) 18 
FCV “ “ 2.0(1.6-2.7) 32 
LPAIV “ “ 2.1(1.5-3.9) 47 
HPAIV “ “ 3.0(2.3-4.3) 52 
HPAIV NH3 0.25%(wt/wt) “ 4.1(3.0-6.2) 74 
HPAIV Heat 35°C Compost mixturea 0.39(0.28-0.63) 7.6 
HPAIV Heat 45°C “ 0.12(0.07-0.82) 9.8 
MS2 NH3 0.5%(wt/wt) Hatchery waste 7.7(5.9-12) 141 
MS2 NH3 0.25%(wt/wt) “ 14(12-17) 206 
MS2 Heat 45°C Compost mixture 62(55-70) 835 
MS2 Heat 55°C “ 29(24-34) 403 
ø6 Heat 35°C “ 0.17(0.10-0.44) 5.3 
ø6 Heat 45°C “ 0.11(0.09-0.17) 2.0 
aChicken manure, straw and embryonated hen eggs.  
 
5.3.1 Critical control points and critical limits 
Ammonia treatment could be used for inactivation of influenza viruses and 
models for epizootic viruses. The CCPs would be pH, temperature and time. 
As an example, for HPAIV H7N1, with NH3 addition to 0.5%(wt/wt), the 
critical time limit would be >52 h at a temperature of >14 °C and a pH of >9.5. 
These should be measured preferably continuously. 
For the composting, the surface temperature is considered a CCP. Based on 
the validation by HPAIV H7N1, the critical limits would be a surface 
temperature of >35 °C for a period of >7.6 h. The temperature should be 
measured continuously. 
 
5.3.2 Suitability of model viruses and bacteriophages 
For suitability of model viruses for ammonia treatment, see section 5.1.4.   
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In the composting study, in the handling of epizootic waste,  relevant or 
specific model viruses are used, thus the strain HPAIV 
A/turkey/Italy/1387/00(H7N1) was chosen, as it had shown heat stability 
(Terregino et al., 2009), with bacteriophage ø6 with similar structure, showing 
similar inactivation rate. In the composting study (Paper III), MS2 was found 
to be very heat stable, and too stable as an indicator for HPAIV H7N1 
inactivation during these conditions. The calculated time for a 12 log10 
reduction (99%CI) would be 14.4 and 16.8 days in the two compost mixtures 
even at 55 °C. This confirms claims that these types of bacteriophages show 
stability at higher temperatures, >50 °C (Bertrand et al., 2012).  
The laboratory composting study also showed fast inactivation of HPAIV 
H7N1 within 24 h with a >3 log10 reduction, while MS2 showed a 4 and 7 log10 
reduction after 7 days in the two mixtures, respectively. In contrast, 
bacteriophage ø6 showed similar resistance as H7N1, with 2-5.4 h (99%CI) to 
a 12 log10 reduction at mesophilic temperatures of 35-45 °C. Due to its non-
pathogenicity, ease of handling and low cost, bacteriophage ø6 is a good 
alternative for validating H7N1 inactivation in these conditions. However, 
MS2 could be an alternative indicator for more stable enteric viruses.    
 
5.4 Managing the risk   
All studies presented in this thesis investigated virus reduction treatments in 
laboratory-scale studies controlling the factors considered important for virus 
inactivation. By examining the effect on viral reduction as a function of these 
factors, the intention was to formulate recommendations on the levels of these 
parameters that should be kept in the processes over a certain time to reach 
sufficient viral reductions.  
We have used a laboratory scale approach, where we could assess the CCPs 
that could be measured. This approach has also the advantage that the 
inactivation of the identified virus hazards could be directly compared with that 
of a model virus. If bacteriophages are used as models, they can subsequently 
be used as process indicators in the actual process. For validation of food 
safety processes, consideration must be given to ensuring that the validation 
process reflects the production-scale process (Busta et al., 2003). For biowaste, 
considerations for upscaling also have to be taken, as the intrinsic properties of 
the materials can differ substantially (Elving et al., 2014). 
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5.4.1 Considerations for upscaling  
For the identified CCPs and critical limits for the treatments under normal 
circumstances see section 5.1.3.  
Thermal treatment 
In Paper I, the SVDV reduction in biogas substrates, based on the lower 95% 
confidence interval at 70 °C for 30 min, was >5 log10 reduction, a criterion for 
a less thermally resistant virus (EFSA, 2005). Thus, most of the viral hazards 
except parvovirus and circovirus would be inactivated (Table 1).  
Two controlled time points allowed only estimation of D-values. At a 
temperature of 55 °C, an estimated D-value of 28 min for SVDV indicates that 
bacteriophage X174, which showed a D-value of 1.5 h (Elving et al., 2014), 
could be a useful indicator. As naturally occurring virus may have a lower 
inactivation rate (4- to 10-fold lower) than added virus (Lund et al., 1996), 
øX174 as a somatic coliphage has the advantage of being present in biowaste 
in high amounts. Bacteriophage øX174 was also seen as highly persistent in 
various matrices and temperatures (Bertrand et al., 2012). Bacteriophage MS2 
in the composting experiments (Paper III) had a D-value of about 24 h (Paper 
III), and would be a more conservative indicator.  
   
Ammonia treatment 
Ammonia treatment gave D-values of 5-13 hours and 3-7 hours (upper 95%CI) 
at 0.25% and 0.5% (wt/wt) ammonia addition, respectively, at 5 °C for FCoV, 
LPAIV H5N3, FCV and HPAIV H7N1, the latter being the most resistant. 
However, for BPIV-3 at 5 °C, D-values (upper 95%CI) were 20-12 h at 0.25-
0.75%(wt/wt), indicating longer treatment times for BPIV-3 at low 
temperatures. 
The large-scale trial at a hatchery regarding ammonia treatment of HW 
showed a higher inactivation rate regarding MS2 than the laboratory 
experiments. Despite the fact that the NH3 concentration of the HW at the top 
of the tank declined after the mixing stopped, probably due to separation of 
lipid material, resulting in higher NH3 concentration in the bottom of the tank, 
the final top sample at 24 hours had an ammonia concentration of 81 mmol kg-
1 at 19 °C and pH 10. Thus this would be within the critical limits for the 
recommended target of 3 log10 reduction (EC, 2011), i.e. addition of 0.25% 
(w/w) NH3 (10 L 28% NH3 [aq] m-3 material) followed by storage for 2 days at 
14 °C (Table 6) (critical limits: temperature >14°C, pH >9.2, time >2 days). 
The reason for the difference in inactivation rate is probably the higher 
temperature, as the inactivation is not totally linear between different 
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temperatures, and also the fact that the mixing was very efficient under vacuum 
in the larger mechanised system.  
The large-scale trial was performed through estimation of the volume of 
hatchery waste, which was about 2 m3 final volume. Since 1 m3 waste from 
this hatchery weighs about 1100-1200 kg, depending on humidity, this has to 
be taken into consideration for treatment recommendations. Nevertheless, 
faster inactivation of MS2 was observed in the large-scale trial. To prevent 
ammonia evaporation, a closed container is necessary and the amount of HW, 
degree of mixing, pH and temperature should be monitored. Larger pieces of 
material such as embryos and culled chicks that can be present in the HW 
should not constitute a problem, since NH3 diffuses easily through biological 
material (Warren, 1962). However, longer treatment times might be needed if 
the material is not pre-minced. 
For verification of HACCP procedures of these processes, available options 
include the insertion of test containers with e.g. parvovirus, provided by test 
laboratories (Amlinger & Blytt, 2013).  
 
Food treatments 
In Paper IV, the identified hazard was swine HEV. Swine liver and swine 
carcasses has been shown to contain approximately 6 log10 g-1/100 cm-2 as 
estimated by PCR, respectively (Table 1). Reduction factors with 95%CI were 
calculated at the respective time/pressure combinations, and pressure and time 
could be suggested as critical control points based on the reduction of the 
models (section 5.2.4).  
However, this approach only allows defined production steps to be 
validated. Instead, D-values could be more easily used in the HACCP plans in 
the production facilities in the food chain (Zuber et al., 2013). Regarding food 
safety processes, D-values have been used e.g. to assess virus inactivation by 
heat (time to 1 log10 reduction) (Swayne & Beck, 2004) or irradiation (dose to 
1 log10 reduction) (Brahmakshatriya et al., 2009) in poultry products. However, 
in the ILP experiments in Paper IV, a first-order regression was seen only at 3-
12 J cm-2 for some virus/food combinations and for HPP, after onset of 
reduction to some extent. 
For upscaling of HPP treatment, larger pieces of food could be used, since 
HPP affects the whole food item. The CCPs temperature, pressure and time 
must be monitored according to critical limits implemented in the HACCP 
plan. If the production facility allows, bacteriophages could be used to validate 
the process.  
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5.4.2 Epizootic outbreak situation 
For the identified CCPs and critical limits for the treatments during an outbreak 
situation see paragraph 5.3.1.  
In virus validations (EMEA, 1997), separate inactivation steps are added if 
they are due to different inactivation mechanisms, so as to reach e.g. a 12 log10 
reduction in the final product (Aranha, 2001). This was also the strategy for 
assessing safety in outbreak situations. Thus, in Papers II and III, in controlled 
conditions, D-values with 99% confidence intervals were calculated and 
treatment times for a 12 log10 reduction were estimated from the upper 
confidence interval limit. Safety margins must be set due to e.g. non-
homogeneity of the biowaste and because the actual virus content is often not 
known.  
For ammonia treatment of hatchery waste (Paper II), an initial estimate of 
the volume of the infected materials and proper mixing of the ammonia is 
crucial. Since NH3 is the active component, it is important that it is not lost as 
gaseous emissions and therefore treatment must take place in a closed 
container, preferably on-site. In these circumstances, special equipment that is 
easy to decontaminate should preferably be used for the CCPs temperature and 
pH measurement.     
Similar biosafety considerations apply for the composting procedure (Paper 
III), with minimal turning during the first stage of composting, as this might 
result in spreading of the pathogens. Arrangements to ensure the temperature 
have to be taken. Surface temperature as a CCP should be measured 
continuously as to monitor the critical limit.  
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6 Conclusions 
The inactivation of relevant and specific model viruses was assessed at 
controlled conditions, and compared with that of conservative indicator 
viruses. Based on statistical evaluations, treatment recommendations for 
biowaste and food regarding physical and chemical inactivation methods were 
formulated: 
 
 Ammonia treatment of hatchery waste proved to be an effective method for 
inactivation of ssRNA viruses such as highly and low pathogenic avian 
influenza of the types studied and of models for Newcastle disease virus, 
infectious bronchitis virus and avian hepatitis E virus. Composting was 
found to be an effective measure for disinfecting poultry manure and egg 
litter contaminated with highly pathogenic avian influenza. Based on the D-
values with their 99% confidence intervals, treatment recommendations for 
outbreak situations regarding these viruses could be given, in order to 
minimise the risk of viral pathogenic transmission via contaminated litter. 
Bacteriophage ø6 could be a useful model in influenza virus composting. 
 The bacteriophage MS2 proved to be an excellent indicator for ssRNA virus 
inactivation regarding ammonia in hatchery waste. Based on the D-values 
with their 95% confidence interval, treatment recommendations according 
to EU regulations on ABP can be given, but these are only valid for ssRNA 
viruses. For ammonia disinfection of hatchery waste to reach a safe end-
product that can be used as fertiliser, inactivation of other virus types and 
parasites should be investigated. 
 The thermal process at 70 °C for 60 min, simulating a batch process in a 
biogas plant, was assessed as a control measure for inactivation of swine 
vesicular disease virus. However, the thermostable porcine parvovirus 
proved very heat resistant. If this virus were to be used as a model for 
sufficient virus reduction in thermal treatments regarding Category 3 ABP 
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materials and manure intended for biogas or composting plants, according 
to EU regulations, it would make demands on other time-temperature 
combinations very strict. Instead, bacteriophages such as øX174 or PRD 1 
could be used as indicators, if validated against relevant viruses.  
 High pressure processing at 400 MPa on swine liver and at 600 MPa on dry 
cured ham showed highest inactivations of the norovirus and calicivirus 
models for hepatitis E virus, with bacteriophages MS2, 28B and øX174 as 
conservative process indicators. Based on the reduction factors with their 
95% confidence intervals, critical limits for pressure level and time at a 
defined temperature could be set for their inactivation.   
 Surface decontamination by lactic acid at 0.55M on swine liver was the 
most effective regarding the norovirus model for hepatitis E virus, with 
bacteriophages MS2, 28B and øX174 as conservative indicators. For the 
calicivirus models, 2.2 M lactic acid was the most effective, with øX174 as 
a conservative indicator for swine liver, and øX174 and MS2 for dry cured 
ham.  
 Intense light pulse treatment was most effective on swine liver, and reduced 
the surface contamination of the calicivirus models for hepatitis E virus at 
6-60 J cm-2, with bacteriophage MS2 as a conservative indicator.  
 However, hepatitis E virus has been found at high concentrations internally 
in swine liver and this would present a substantial hazard not reduced by 
surface treatments.    
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7 Future perspectives 
Regarding ammonia inactivation, other types of viruses could be tested during  
treatment of hatchery waste, because there seem to be other inactivation 
mechanisms involved for double-stranded viruses and DNA-viruses.  
To evaluate inactivation of viruses that are difficult to culture, such as HEV, 
PCR-based methods combined with viability dyes such as propidium 
monoazide have been used, to discriminate between active and inactive virus. 
These methods are based on the fact that the capsid is affected by such 
inactivation methods like heat. This could also be an alternative for HEV 
regarding these inactivation methods. Other methods are based on the receptor-
binding properties of intact virus particles, and capture before PCR analysis. 
These methods could also be evaluated regarding HEV for appropriate 
treatments.    
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8 Populärvetenskaplig sammanställning 
Animaliska biprodukter innehåller värdefulla växtnäringsämnen, som kan 
återvinnas genom gödsling av åkermark. Dessa material kan innehålla 
smittämnen, t.ex. virus, som kan innebära en risk för lantbruksdjur och vilda 
djur, såväl som för människor vidare i livsmedelskedjan. För livsmedel kan 
virussmitta introduceras i alla produktionssteg, från slakt till paketering och 
distribution. För att minska riskerna, kan olika behandlingar användas, 
fysikaliska såsom värme och högt tryck, eller kemiska t.ex. 
ammoniakbehandling eller organiska syror. Eftersom många viktiga 
livsmedelsburna virus inte går att odla, är den enda möjligheten för att 
utvärdera effekten av virusinaktiveringsmetoder att använda modeller för de 
sjukdomsframkallande virusen. Som virusmodeller kan även bakteriofager, 
virus som infekterar bakterier, användas, eftersom de har liknande struktur.  
Virus som smittar från djur till människa är t.ex. aviärt influensavirus och 
hepatit E virus (HEV) från gris. Som modeller för HEV användes felint 
calicivirus och musnorovirus, och bakteriofagerna MS2, øX174 och 28b, i  
behandlingar av grisprodukter med högt tryck, mjölksyra och intensiva 
ljuspulser. Som modeller för högpatogent aviärt influensavirus användes 
bakteriofagerna MS2 och ø6 i ammoniakbehandling och kompostering av 
animaliska biprodukter.  
I laboratorieförsök kontrollerades de faktorer som ansågs vara de viktigaste 
för virusinaktiveringen, såsom trycknivå, pH, ljuspulser och temperatur, och 
reduktionen av sjukdomsframkallande virus och deras modeller bestämdes som 
en funktion av dessa faktorer. Rekommendationer kunde ges om vilka 
kontinuerligt mätbara processförhållanden som bör hållas under en viss tid för 
att nå tillräcklig reduktion av virus, baserade på statistiska bedömningar av 
laboratorieresultat, både för normala förhållanden och i en epizootisk 
utbrottssituation.  Bakteriofagerna undersöktes för användning som potentiella 
indikatorer för kontroll eller validering av fullskaliga processer. 
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Resultaten gav behandlingsrekommendationer för att säkerställa en 
tillräcklig virusreduktion enligt gällande EU-krav för animala biprodukter 
kategori 3 (2011/142/EG) för ammoniak och värmebehandling. För en 
utbrottssituation kunde rekommendationer ges för hantering av högpatogent 
aviärt influensavirus, baserade på att pH och temperatur ska upprätthållas 
under en viss tid för hanteringen. I högtrycksbehandling av grisprodukter 
kunde tryck och tid definieras som kritiska kontrollpunkter för felint calicivirus 
och musnorovirus, modeller för hepatit E virus. 
I större skala kunde MS2 och ø6 användas för verifiering av 
ammoniakbehandling av kläckeriavfall och i laboratoriekompostering. I 
behandlingar av grisprodukter, visade det sig att bakteriofagerna hade potential 
som stabila modeller för noro och calicivirus i större produktionsskala, med 
MS2 som den mest stabila indikatorn i högtrycksbehandlingar och 
behandlingar med intensiva ljuspulser, och øX174 i mjölksyrabehandlingar.   
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